Abstract Extreme weather events, sea level rise, and political disputes linked to climate change are driving masses to leave their homes. Their transitional settlements should be produced in a manner that causes minimum greenhouse gas (GHG) emissions to prevent any further acceleration of climate change and the humanitarian crises it causes. This article presents a study of the carbon footprint and primary energy demand of the construction materials of eight different transitional shelters. The lowest carbon footprints were found from shelter models made from bamboo or timber. The highest emissions were caused by shelters that have either a short service life or that are made from metal-intensive structures. The choice of cladding materials was surprisingly important. The findings were further compared to the overall impacts of each construction project, to national per capita GHG emissions, and to construction costs. Some shelter projects had notable total energy consumption even compared to the annual energy use of industrialized countries. The study concludes that construction materials have an important impact on the carbon footprint of shelters. Comparisons should however be made only between similar functional units. Furthermore, benchmark values and more background data are urgently needed in order to give humanitarian nongovernmental organizations tools for lowering the carbon footprint of their construction operations.
Introduction
It is not common to carry out assessments of carbon footprint in the field of humanitarian construction. The following section includes viewpoints that explain the relevancy and timely importance of science-based environmental assessment in humanitarian work.
Are Carbon Footprint and Energy Efficiency
Relevant in Humanitarian Construction?
The primary objective of humanitarian aid is to save lives, alleviate suffering, and maintain human dignity. However, this noble task inevitably causes environmental impacts as a side effect. For instance, energy is needed to transport food or medicines. Greenhouse gas (GHG) emissions are caused when blankets or tents are manufactured with the help of fossil energy. These manmade GHG emissions are the main cause of ongoing climate change (IPCC 2014) . Global warming has links to loss of arctic sea ice (Stroeve et al. 2007) , sea level rise (Hansen et al. 2013) , changes in weather (UNISDR 2012) , and finally a growing number of refugees (Christian Aid 2007) . Extreme weather conditions seem to become more common and as many ecosystems, also human systems, are highly vulnerable to them (IPCC 2014) . Storms and cyclones cause losses of life and property. Droughts force people to find new areas for their livelihood and increase competition for scarce resources. Warming temperatures can cause diseases to spread further, as for example the habitat for mosquitoes carrying malaria is expanding. Therefore, it would be necessary to & Matti Kuittinen matti.kuittinen@aalto.fi optimize the environmental impacts of humanitarian aid without jeopardizing the aid itself.
The Importance of Carbon Footprinting
Carbon footprint (CF) can be understood as a ''sum of greenhouse gas emissions and removals in a product system, expressed as CO 2 equivalent and based on life cycle assessment'' (ISO 2013, p. 1), although several definitions exist (Wiedmann and Minx 2007) . For practical reasons, the global warming potential (GWP) of various greenhouse gases (methane, nitrous oxide, hydro fluorocarbons, and so on) is usually converted into corresponding GWP of carbon dioxide and expressed as kilograms of carbon dioxide equivalents (kg CO 2 e). The amount of CO 2 in the atmosphere has increased rapidly during the industrial era. The content of CO 2 in the atmosphere is now higher than ever during the existence of human kind on earth (Pagani et al. 2010) . In only a couple of centuries, the atmospheric CO 2 has risen from 300 ppm to around 400 ppm (NOAA 2014) . Mitigating the amount of CO 2 is important for several reasons: First, it is the most influential of all greenhouse gases because of its significant and increasing quantities (NOAA 2014) . Second, it stays in the atmosphere for long periods of time. Around 20 % of an impulse of CO 2 emitted today would continue causing global warming even after 500 years (Hansen et al. 2013) . Third, mankind still has the possibility to ''turn down the heat'', by lowering GHG emissions from fossil-fuel use and land-use change, as repeatedly proposed by the World Bank (2012a Bank ( , 2013 . After all, there is nobody else in this solar system to reduce GHG emissions on our behalf.
Humanitarian shelters can be made from several material combinations. A shelter made from steel, wood, bricks, straw, or plastic can fulfill the same minimum requirement that has been set for humanitarian work (The Sphere Project 2012). But the emissions that are caused when these shelters have been manufactured may differ greatly.
Growing Primary Energy Demand is Causing more Emissions
Primary energy (PE) is energy in nature that has not been transformed in any means. For example, oil, wood, sunlight, and wind are carriers of energy. When we try to take advantage of this natural primary energy, there are always losses in its efficiency. For example, production of solar electricity cannot generally yield more than 18 % of the available primary solar energy (Repo et al. 2013, p. 950 ). Different energy carriers enable different efficiencies of utilizing primary energy. Because of this, the energy efficiency can be expressed as primary energy efficiency. It describes how much of the available energy potential was actually utilized in the end-use.
Based on the statistics of International Energy Agency (IEA 2012), the energy needs of our planet are largely satisfied by burning fossil fuels. In 2010, around 81 % of the world's total primary energy was made using fossil fuels.
As fossil fuels are burned, they emit CO 2 into the atmosphere. Since this CO 2 originates from the Earth's crust and not from the natural circulation of carbon in forests, soil, and seas, it accelerates global warming. Thus, both primary energy use and carbon footprint are tightly linked to climate change.
Shelters can be made of materials that require very little primary energy for their production. Such materials help to mitigate the growth of the primary energy demand and the emissions that are caused along with it.
Focus on the Construction Sector
The construction sector is globally accountable for around 30 % of GHG emissions and around 40 % of primary energy use (UNEP 2009). Buildings are seen to hold the greatest estimated economic mitigation potential for reducing GHG emissions (IPCC 2007) . Only by measuring the amount of CO 2 emissions for construction products is one able to define how environmentally harmful the selected combination of materials within a building will be.
The assessment of the environmental sustainability of construction works is often based on international standards. The ISO 14040 standard suite (ISO 2006) for lifecycle assessment (LCA) forms a basis for several furtherdeveloped standards. ISO 21930 (ISO 2007) and EN 15804 (CEN 2012) give guidelines for developing environmental product declarations for construction products. EN 15978 (CEN 2011) outlines rules for the sustainability assessment of construction work. Several voluntary green labeling schemes for buildings have also been developed. For example, LEED (USA, global), BREEAM (UK, global), HQE (France), DGNB (Germany), CASBEE (Japan), and GBL (China) all offer different approaches for assessing and communicating the environmental impacts of a building.
Several studies about the carbon footprint and primary energy demand of modern construction have been conducted. Gustavsson and Sathre (2011) summarized the steps essential in the lifecycle assessment of a building. Häkkinen (2012) and Häkkinen et al. (2015) developed reference values for sustainability and performance assessment of buildings. Ruuska et al. (2013) compared the environmental impacts of building materials. Guggemos and Horvath (2005) have studied the lifecycle aspects of alternative concrete and steel structures. The carbon Int J Disaster Risk Sci 227 footprint of several wood-framed buildings have been calculated and analyzed according to ISO and EN standards (Kuittinen et al. 2013) . Environmental impacts on residential neighborhoods have also been analyzed in detail, by using, for example, economic input-output assessment methods (Heinonen et al. 2012) . Despite the great number of carbon footprint studies that have been performed and normative standards that have been developed, there is not adequate scientific information about the environmental impacts or GHG emissions of humanitarian construction. Therefore, this article presents the carbon footprint and primary energy demand analyses of eight transitional shelters. Needs for further methodological development and practical implementation are drawn as conclusions.
Methodology
The methods that were used for this study are presented in the following. Main approaches are based on lifecycle assessment, with focus on the production phase of construction materials.
Scope and Goal
There were two aims for the study: (1) To assess greenhouse gas emissions and the primary energy demand of eight different shelter designs. (2) To investigate how suitable LCA-based carbon footprinting is in a humanitarian context. Humanitarian construction can be divided into three phases: emergency, transitional, and reconstruction. This study focuses on the transitional phase.
Covered Lifecycle Phases
In order to communicate which part of the buildings lifecycle is the most dominant in an environmental assessment, the lifecycle has been arranged (EN 15643-2:2011) into four main and 17 sub-modules as follows ( Table 1) .
The lifecycle assessment can be carried out for these entire stages-''cradle to grave''-or only for the construction materials of the building-''cradle to gate''. In the latter, it is possible to include parts of other modules as well (EN 15978:2011) .
The required information for calculating the environmental impacts for modules A1-A3 can usually be gathered from a bill of quantities of the designed building. All further modules require scenarios of construction methods, tools, technical service life, maintenance strategy, renovation, deconstruction methods, recycling options, and waste management with associated logistics and storing. Therefore, estimations for modules from A4 and A5 to C may be more prone to uncertainties, as it is not exactly possible to know how the building will, in practice, be maintained during its lifespan or what type of waste management options will be available thereafter. Drafting reliable scenarios for the lifecycle of the building is especially demanding in the context of humanitarian construction or developing countries. For instance, the service life of a transitional shelter is short when compared to conventional buildings, ranging from some months to some years in most cases. This causes different dominance of lifecycle modules and challenges traditional thinking of the order of their importance (Hafner et al. 2012 ). Furthermore, a war, tsunami, or earthquake may damage infrastructure so severely that reconstruction of waste management or energy infrastructure may take an entirely different direction than before the incident. As an example, the national energy mix in Japan changed considerably after the Great East Japan Earthquake and Tsunami, because nuclear power plants were idled and natural gas imported as a replacing source of energy (NPR 2012) . This gave the national energy mix a higher GHG intensity than before the disaster.
Drafting reliable scenarios for the lifecycle of a building requires professional LCA assessors, who are used to working with databases and setting scenarios. This article focuses only on the tasks of the humanitarian project team, and is therefore limited to module A1-A3 (cradle to gate).
Use-phase energy demand and end-of-life scenarios will be studied separately in the future. Efforts will be made to reconstruct reliable scenarios for the full lifecycle (modules A-C) and additional consequential benefits or drawbacks of selected shelters (module D).
Functional Unit
Functional units are m 2 of living area and estimated service life. A functional unit helps to compare different objects of study. It describes the amount of emissions released per chosen unit. Otherwise, the results would not be comparable, because larger buildings would need more materials and thus cause more environmental loads. On the other hand, a building that lasts longer may, during its full lifecycle, cause less environmental impact than a building that is made from more environmentally friendly building materials but that can be used only for a shorter period of time.
Service Life
Estimated service life was taken from the assumptions given in the case reports of the studied shelter designs. No further scenarios were developed. In reality, storms or floods may lead to shorter service lives of certain building parts. Similarly, reusing construction components in a downgraded function may give them longer service life than initially planned.
Inventory
Inventory is based on the bills of quantities provided by the International Federation of Red Cross and Red Crescent Societies (IFRC 2011) . Presumably the inventory may not be quite as accurate as required by LCA standards (ISO 14040 series), as it was not intended for making an LCA. It was not possible to assess individual shelters in detail, as that would have required travelling to locations across the globe to interview constructors.
Impact Assessment
Because it was not possible to track back global warming potential and primary energy demand from the production of the particular construction materials in the studied shelters, reference values for construction materials from a database were used. The chosen database was the Inventory of Carbon and Energy (ICE 2.0) by the University of Bath (2011). Despite its limitations-for instance, it excludes the carbon storage of wood material and does not have values for vernacular building materials (such as bamboo, coconut wood)-the ICE database is publicly available and could thus easily be accessed by the humanitarian consultants and organizations. Supplementary information for assessing the carbon footprint of bamboo was adapted from the LCA study of bamboo by Vogtländer (2011) and for the assessment of its embodied energy from Reiner et al. (2007) .
The biogenic carbon storage of wood and other biobased materials is an important topic to be included in this study. According to European standards (EN 16485:2014) (CEN 2014), if wood originates from a sustainably managed forest, its biogenic component to global warming potential is negative. If wood is harvested from a forest for which sustainable management cannot be assumed, the products biogenic carbon balance over time is considered to be zero, but it adds to the global warming potential of the product (EN 16485:2014, 6.3.4 .2) (CEN 2014). In our study, it was not possible to investigate the origin of wood, bamboo, or coconut in the assessed shelters. Therefore, we have separately calculated both GWP scenarios for wooden frames: sustainably sourced and non-sustainably sourced. For bamboo and coconut we have applied the same scenarios and calculated their biogenic carbon content as for wood material.
Carbon storage of wood and bio-based products helps to mitigate climate change. The atmospheric carbon stays locked in such material until it decays naturally or is burned for energy. However, in our study, we exclude the positive impact of carbon storage because according to standards (EN 16485:2014, 6.3.4.4 .2) (CEN 2014) the benefits of storing carbon in a product are shown in lifecycle module B1 as technical scenario information, and this module is outside the system boundary of our study.
It has to be pointed out that regardless of how norms guide us to communicate carbon storage, it is still an important phenomenon that helps to mitigate climate change and therefore should be kept in mind when considerations for the sustainability of construction materials are made.
Interpretation of Results
Results were studied through comparing assessment findings.
(1) The scales of total emissions of relief projects were compared to each other and to annual total energy use and carbon emissions of a cold industrialized country in northern Europe (Finland) . (2) The GHG emissions of constructing transitional shelters were compared to national annual per capita GHG emissions. (3) The joint impact of GHG emissions and material costs (carbon economy) of shelters were compared.
Conventionally, LCA studies would include sensitivity analysis and normalization of results. They were not included in the scope of this article.
Uncertainties and Limitations
There are a number of uncertainties in the study. Locating them was actually one of the goals of the assessment.
Quality of Data
It seems to be very difficult, if not impossible, to get reliable environmental data about vernacular construction materials that are used in developing countries. Several bamboo species, coconut wood, and various local tree species are not typically listed in environmental databases. For this study, the following commercial or open source databases were checked: ICE 2.0, IBO, KBOB, Idemat 2010, and ecoinvent 2.2. Furthermore, consistent information about the density and dry mass calculations of these materials seems to be hard to find. Such values would be needed for the assessment of sequestered atmospheric carbon in the material.
Due to the lack of data, conservative assumptions were made. Primary energy and carbon footprint values for coconut and other local tree species were replaced with general soft wood values of ICE 2.0. Carbon storage was excluded from the study. The biogenic component to the global warming potential was calculated by using densities for wood-based materials from the ecoinvent 2.2 database.
The used database is compiled from the sources of developed countries and thus reflects the environmental impacts of production facilities and raw material acquisition in developed countries. Without a separate study, it cannot be known how great a difference there would be to the figures that would be gathered from industrial processes in developing countries. The level of manual work is supposedly higher, but the implementation of environmentally friendly manufacturing technologies is presumably lower. Therefore, in this study, it has been assumed that the positive environmental gains from manual work are offset by the emissions of less environmentally friendly industrial processes.
Accuracy of Inventory
Due to practical reasons, it was not possible to travel and check the exact construction of each shelter type. Nor is there information about possible variation in the construction of similar shelter types. The great number of shelters built would indicate that there is likely a variance in detailing, materials, and even dimensioning of individual shelters. Thus, the inventory may not fully reflect an average shelter of each type.
The inventory and impact assessment were checked twice. Although reasonable effort has thus been made to ensure that no errors would distort the results, such may always occur in lifecycle assessment.
Exclusion of Carbon Storage, Feedstock Energy, and Land-Use Change
Due to the previously explained reasons, both carbon storage and the embodied feedstock energy of wood were left out of the study. Had they been considered, the results would have been more favorable for wood and bamboobased shelters.
On the other hand, the consequential effects of using wood from possibly non-sustainably managed forests were also left out. The consequential effects may have an impact in a wider system analysis. However, they should be taken into account regarding all materials, if a consequential LCA would be made in the future.
GHG emissions associated to direct or indirect land-use change have been left outside of this study. The required amount of data could not be gathered within this study. Furthermore, there is no commonly agreed scientific method for quantifying land-use related GHG emissions (Mattila et al. 2011 ).
Studied Transitional Shelters
The selected shelter models are all published by the International Federation of Red Cross and Red Crescent Societies (IFRC) in Transitional Shelters-8 Designs (IFRC 2011). All shelters have been built during the last 10 years in various parts of the world, many of them in great numbers. The materials of the shelters have been arranged into the following building part categories for this study:
• Foundation • Main structure (load-bearing frame) • Secondary structure (supporting frame for coverings) • Coverings (external and internal claddings) • Fixings (nails, screws, straps, etc.)
The shelter models differ from each other in many ways (Table 2) . Their functional and structural design cannot be compared. However, they all fulfill the fundamental function of temporary housing. The main differences that affect the studied environmental impacts include:
• Living area • Construction materials • Estimated service life • Cost of materials GHG emissions and PE demand that are linked to the manufacturing of these building parts were estimated.
Results
Results from the assessment are presented in this section. We report carbon footprint calculations for two alternative material sourcing scenarios: sustainably sourced and non-sustainably sourced wood and bamboo. Also primary energy calculations are presented.
Carbon Footprints Differ According to Chosen Materials
The results are shown with two different functional units: m 2 of living area and estimated service life. In addition, two alternative scenarios are presented: base scenario without calculating the climate benefits of sustainably sourced wood and comparative scenario showing the positive impacts of sustainable forestry (SF).
Findings clearly show the dominant impact of coverings in nearly all shelters. A majority of the shelters had coverings made of steel or plastic, which both cause remarkable CO 2 e emissions when compared to other assessed materials. This trend can be seen regardless of functional units (Fig. 1) . Also, the negative impact of concrete foundations is shown in the results. Manufacturing of concrete generates considerable GHG emissions.
The most environmentally friendly shelter seems to be the Indonesian model Shelter no. 1. Its structures are mainly made from bamboo, which is renewable material. Although the GHG emissions of the used bamboo are based on adaptive simulations from other studies, as explained earlier, it can be assumed with reasonable certainty that the emissions are very low.
Also, timber-based shelters from Peru (Shelter no. 4 and 5) seem to perform well in GHG comparison. This is due to the low global warming potential of wood material. In their case, a majority of emissions come from concrete foundations. When considering the climate benefits of sequestered atmospheric carbon of sustainably sourced wood material, these shelters perform even better.
It has to be noted that although uncertainties can distort the results, the trend is likely to be even stronger if possible replacements of coverings during the lifespan of the shelter would have been included in the study. It is likely that, especially in cyclone-prone areas, parts of the coverings would need to be replaced during the estimated service lives of the shelters.
A similar amplifying effect might also be caused, if the carbon storage capacity would have been taken into account. While trees and bamboos grow, they absorb CO 2 from the atmosphere. This biogenic carbon is stored in construction materials until it will be released back into the atmosphere in energy recovery (incineration) or natural decay. This inherent material property of wood and bamboo helps to mitigate climate change-assuming that it does not lead to deforestation due to illegal or un-sustainable forestry practices. It is interesting to observe the impact of assuming sustainable forestry in the GWP of wooden frames. For example, the total GWP of the primary structures of Shelters 2, 4, and 5 turns negative.
Primary Energy Demand Stays Low if BioBased Materials are Used
The consumption of primary energy follows the same pattern as the carbon footprint. The major impact of coverings can again be clearly noticed, as well as the better performance of timber-based shelters (Fig. 2) .
The best of the shelter solutions seems to be Indonesian Shelter no. 1. It has a high amount of bamboo as construction material. Primary energy demand on bambooalthough there are uncertainties-is far smaller than for steel products, which add the energy demand for shelters in Haiti (no. 6), Indonesia (no. 7), and Vietnam (no. 8).
The findings would be even more dramatic if the energy potential of wood, bamboo, and plastics would be taken into account. In the end of the life span of the shelters, their bio-based and oil-based materials could be recycled into energy by burning them. If this end-of-life benefit would have been taken into account, the share of steel-cladding caused primary energy use would have been even more dominant. However, burning wood or bamboo for energy results in biogenic GHG emissions that can be assumed Fig. 1 Greenhouse gas emissions of the studied shelters using two alternative functional units (m 2 and service life). Note the impact of comparative scenario (SF) that demonstrates the impact of using sustainably sourced wood material carbon neutral if the materials originate from sustainable sources (EN 16485:2014) (CEN 2014) . Burning oil-based plastics causes fossil GHG emissions that are an additional burden to the natural carbon cycles of our planet.
It should also be mentioned that steel used in structures can be recycled into other uses after the shelter is no longer in use. Thus, the primary energy demand for making virgin steel products would be avoided, and environmental balance would be slightly milder for the share of steel and aluminum products (University of Bath 2011). These benefits are however outside of our system boundary.
Most likely, all of the raw materials for shelters would not be manufactured in their use areas. Manufacturing energy demand would cause impacts only in the areas of manufacturing units. Depending on the energy mix of the factories, different environmental impacts are caused. For example, production of aluminum requires plenty of energy. That can be sourced, for example, from coal plants or wind turbines. They represent practically opposite ends in the greenhouse gas emissions required for producing 1 kWh of energy.
A full lifecycle approach would be needed to conclude the operative energy demand of the given shelters. Including heating energy demand would raise the impact of shelters that are located in a cool climate. Most likely, shelters from Pakistan and Peru would show more PE demand during their operational phase.
How Should the Results be Understood?
The results describe the GHG emissions and PE demand from the production phase of the construction materials of the transitional shelters. The results show the dominance of cladding and roofing materials. But are the figures good or bad? Where can they be compared to? In the following, three alternative benchmarking approaches are presented: (1) Overall impacts of a project; (2) Per capita GHG emissions; and (3) Carbon economy.
Overall Impacts of Each Shelter Project
The total climate impacts of shelter projects were compared by multiplying the GHG emissions and PE demand by the number of shelters (Table 3) . It has to be noted again that there are most likely differences in the material combination of shelters in large projects. Such variations have not been simulated in the study due to high uncertainties. The results of total impacts show the highest GHG emissions and PE demand as shown inTable 3. The finding is interesting: Although the largest number of shelters was built in Aceh, Indonesia (no. 7), the shelters from projects in Pakistan and Haiti still reach the same or higher level of emissions. From a project-level viewpoint (top-down approach) this shows that the number of units built is not necessarily linearly related to their environmental impacts. Some construction material choices, as explained earlier, seem to cause significant emissions even in smaller projects.
From an energy viewpoint, the findings are slightly different. Although the most environmentally harmful shelter models are the same, their order changes. This is explained by the higher amount of steel and aluminum used in Indonesia and Haiti compared to the Pakistani shelters.
To understand the magnitude of GHG and PE impacts of individual projects, their total emissions and energy use were compared to corresponding annual statistic data of a European country, in this case Finland (Statistics Finland 2013 , 2014 . As a result, it was found that the GHG emissions from the Pakistani shelter project (no. 3) were 0.026 % of all annual GHG emissions in Finland in 2013 (excluding emissions related to land use, land-use change, and forestry), and the PE demand for the manufacturing of the construction materials of the Indonesian shelter project (no. 7) was 0.013 % of the annual energy used in Finland for the whole manufacturing sector during 2012. These can be considered as relatively high figures. The findings underline the environmental importance of choices that nongovernmental organizations (NGOs) make in humanitarian construction practices.
Per Capita GHG Emissions of Shelters
Global statistics are available on the per capita GHG emissions for each country. The World Bank (2012b), for instance, provides these statistics. Kuittinen (2015a) presented a method for setting benchmark levels for low carbon humanitarian construction: the emissions of humanitarian shelters are compared to the per capita GHG emissions of their countries. By applying this method, a context-sensitive benchmark may be found.
The share of construction sector related emissions from the annual per capita GHG emissions was retrieved from the open-source data of The Shift Project Data Portal (2013). The resulting figure is then multiplied by the average national household size in order to get an estimation for the GHG emissions of an average family. Then, this ''GHG per household'' value was compared to the GHG emissions of the construction materials of the shelter. This way it was possible to see how the building of a transitional shelter added to the average annual GHG emissions of people living in each of the studied countries.
From Table 4 , it can be seen that some of the shelters made a significant addition to the per capita GHG emissions. The steel-framed and steel-covered shelter in Haiti (no. 6) especially shows remarkable addition to the average annual Haitian per capita GHG emissions. On the other hand, some shelters are made of materials that hardly add to the per capita figure at all-Indonesian bamboo and timber shelters are such examples. Because per capita GHG emissions vary significantly between countries, the values in Table 4 can only be compared with values from the same country.
Carbon Economy of Shelters
The source publication (IFRC 2011) of this study gives prices for materials and project of each shelter. This opens a possibility to define carbon economy or the joint impact of GHG emissions and material costs of a building (Kuittinen 2015b) . Carbon economy of a shelter model can only be compared with other shelter models from the same area. This is because material costs are different in different countries and disaster response actions. From Table 5 we can see that there are large absolute differences between the construction costs of each shelter. However, the ratio of GHG emissions and construction costs allows one to compare shelters that are carried out in the same area or project. The values in Table 5 are higher if the material production of the shelter emitted high amounts of GHG and lower if the emissions are low.
Conclusions and Future Work
Conclusions from the study are drawn in the following section. They include summaries about environmental assessment in humanitarian construction, construction material choices, comparison of different shelters, and benchmarking of carbon footprint.
Environmental Assessment in Humanitarian
Construction is Important
The results show that there are significant differences in the carbon footprint and PE demand of individual shelters and shelter projects. The comparisons to national per capita GHG emissions, construction costs, or to reference values from industrialized countries all indicate that there may be environmental gains available if action would be taken by humanitarian actors. Therefore, the LCA-based environmental assessment processes should be further developed for the humanitarian context. Lack of relevant databases for LCA and scenarios for the full lifecycle of shelters especially casts a shadow of uncertainty over the carbon footprinting of shelters. Although results would have a higher degree of uncertainty in the beginning, there may be more benefits in adopting the LCA-based environmental assessment in humanitarian construction project planning and reporting.
Materials Make a Difference
Results show that cladding materials of the studied shelters cause a significant amount of greenhouse gas emissions and primary energy demand. The only difference can be seen in wood and bamboo clad shelters. The result is not surprising, because most shelters had a significant amount of metal components and metal claddings. As known, the manufacturing of metal products is energy intensive and thus causes more greenhouse gas emissions than the production of wood-or bamboo-based claddings. Still, the environmental dominance of claddings can be seen as a new finding.
Based on this study, it can be recommended that cladding materials especially need to be carefully selected. The findings in this study should not be used for judging one construction material better than the other. A wider consequential analysis would be needed, and still the results would likely be case-specific. The same structural and building physical performance can be achieved with various material combinations. As a general rule, however, it can be said that bio-based renewable construction materials are usually more environmentally friendly, as long as they are sustainably sourced.
Construction materials for shelters need to fulfill several functions: They need to be cost-efficient and easy to transport and assemble. Their service life in the climatic conditions of the shelter has to be adequate. They have to withstand possible storms and heavy ultraviolet radiation and temperature caused by the sun. Furthermore, shelter materials need to be recyclable or bio degradable without harmful emissions to land, water, or air.
In addition, the sourcing of wood material seems to be important for lowering the carbon footprint of shelters. If wood is sourced from sustainably managed forests, it has a negative biogenic component to the global warming potential. Therefore, selecting sustainably sourced timber can be recommended for low-carbon shelters, if transportation distances do not considerably change.
Comparisons Should be made Between Functionally Similar Shelters
To get exactly comparable results, shelters should fulfill the same functional, technical, and economical requirements. The shelters in this study do not seem to be comparable in these aspects. However, a previous study of alternative construction materials for reconstruction of schools in Haiti showed the advantage of recycled construction materials in humanitarian construction. As the development of shelter models continues, it would be recommendable to compare shelter models that fulfill the same technical requirements with different construction material combinations and choose the optimal solution. Cost estimation could be carried out in the same process.
Benchmarking is Required
When the per capita GHG values or carbon economy of different shelters are evaluated, they can be placed in context. It would be advisable to compare either of these factors in larger humanitarian aid projects. Such comparisons may be especially suitable for the reconstruction phase and development projects where there are less time constraints. Environmental impacts of construction materials for shelters need to be weighted in relation to their other benefits and drawbacks. However, given the high importance of climate change mitigation, the reduction of greenhouse gas emissions and primary energy demand should be taken into consideration in coming shelter projects-especially if the number of shelters is high.
